Abstract: Nanocomposites of tantalum-based pyrochlore nanoparticles and indium hydroxide were prepared by a hydrothermal process for UV-driven photocatalytic reactions including overall water splitting, hydrogen production from photoreforming of methanol, and CO 2 reduction with water to produce CO. The best catalyst was more than 20 times more active than sodium tantalate in overall water splitting and 3 times more active than Degussa P25 TiO 2 in CO 2 reduction. Moreover, the catalyst was very stable while generating stoichiometric products of H 2 (or CO) and O 2 throughout long-term photocatalytic reactions. After the removal of In(OH) 3 , the pyrochlore nanoparticles remained highly active for H 2 production from pure water and aqueous methanol solution. Both experimental studies and density functional theory calculations suggest that the pyrochlore nanoparticles catalyzed the water reduction to produce H 2 , whereas In(OH) 3 was the major active component for water oxidation to produce O 2 .
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Direct photocatalytic conversion of water and CO 2 into solar fuels is an attractive prospect, serving to provide an alternative energy source on a renewable basis.
[1] A variety of photocatalysts have been examined for the two reactions. For the overall water splitting to produce H 2 and O 2 , TiO 2 and other perovskite materials [2] are among the most widely studied photocatalysts. In most cases, cocatalysts composed of noble metals [3] with proper Fermi level or metal oxides [3] with suitable band positions are necessary to suppress charge recombination and enhance photocatalytic activity. The oxidation of water is more difficult to catalyze, and a hole scavenger such as methanol or acetone is often added (that is, photo-reforming instead of water splitting) for H 2 production.
[1b, 4] As compared to water splitting, photocatalytic CO 2 reduction with water as a reductant is even more challenging. [4, 5] The active catalysts for water splitting would be expected to be also active for CO 2 reduction because of the high reduction potential of the photoexcited electrons, but most of them reduce water instead of CO 2 in the mixture of CO 2 and water.
[6] This may be because CO 2 reduction involves multiple electrons and steps, making it kinetically slower. [5a] To date, very few catalysts are capable of catalyzing both water splitting and CO 2 reduction with Pt/TiO 2 [6a] among the best. Several photocatalytic systems have also been reported for CO 2 reduction, such as Cu/TiO 2 , [7] Pt/CaFe 2 O 4 , [8] C and Fe co-doped LaCoO 3 , [9] BiVO 4 , [10] NiO/InTaO 4 , [11] ZnGa 2 O 4 , [12] and Pt/RuO 2 /Zn 2 GeO 4 , [13] but conversion remains low and the stability is often poor. Moreover, the loading processes of effective cocatalysts are often complicated with problems of reproducibility.
[1b, 14] Herein we report a novel photocatalyst comprising tantalum-based pyrochlore (TP) nanoparticles. Cubic pyrochlore is a metastable crystal structure similar to defective perovskite structure. [15] Owing to the flexibility of the structure, pyrochlore compounds form over a huge compositional range with a variety of properties and applications. [16] However, only a rather limited number of pyrochlore compounds have been reported to be active for photocatalytic applications, and these are mainly for photodecomposition of organic compounds and photoreforming of oxygenates to produce H 2 . [17] Pyrochlore-based photocatalysts are generally less active than Ti-, Nb-, and Ta-based perovskites for water splitting, [18] and none of them shows photocatalytic activity for CO 2 reduction.
Recently, we discovered a hydrothermal process to prepare composites of TP nanoparticles and indium hydroxide (In(OH) 3 ), and pure TP nanoparticles after acid dissolution of In(OH) 3 . We found that TP alone could efficiently catalyze methanol photoreforming to produce H 2 . More surprisingly, the TP/In(OH) 3 nanocomposite synthesized with optimum conditions showed high and stable photocatalytic activities for both overall water splitting and CO 2 reduction with water and generated stoichiometric amounts of the corresponding products. We carried out calculations to estimate relative band structures of TP and In(OH) 3 that suggest redox sites in the nanocomposites. These results show immense promise for a new type of photocatalysts for energy and environmental-related reactions.
The materials were prepared under alkaline hydrothermal conditions at 170-220 8C using K 8 [Ta 6 O 19 ]·14 H 2 O [19] and indium chloride as metal precursors (see the Experimental Section in the Supporting Information). The materials (designated as TIM-x, where x denotes the hydrothermal temperature) were composed of the pyrochlore phase (ICSD-24225) and the cubic In(OH) 3 (ICSD-35636), as indicated by their X-ray diffraction (XRD) patterns (Figure 1 ; Supporting Information, Figure S1 ). Scanning electron microscopy (SEM) showed that these samples consist mainly of 30-40 nm octahedral-shaped particles coexisting with a few large (400-700 nm) particles (see the Supporting Information, Figure S2 for the image of TIM-190). The large particles were In(OH) 3 , as suggested by energy-dispersive X-ray spectrometry (EDX) indicating much higher amounts of indium in these particles (Supporting Information, Figure S2 ). The octahedral-shaped nanoparticles were further characterized by transmission electron microscopy (TEM), with a typical image of TIM-190 in Figure 2 a. There is clearly a lattice fringe corresponding to the (111) planes of pyrochlore throughout each nanoparticle, indicating the singlecrystalline nature of these nanoparticles. Moreover, tiny and highly dispersed clusters were observed on the pyrochlore nanoparticles. The clusters were identified as In(OH) 3 because treating the samples with aqueous solution of hydrochloric acid completely removed them together with the large In(OH) 3 particles, as shown by XRD and TEM analyses of the acid-treated samples, denoted as TIM-x-A ( Figure 1, 2 b ; Supporting Information, Figure S1 ). The TP nanoparticles retained the octahedral shape and high crystallinity after the acid treatment but, noticeably, they appeared with non-uniform contrast in TEM images, implying the presence of extensive defects in these nanoparticles.
We then determined the formulas of TIM-x and TIM-x-A samples. Inductively coupled plasma-mass spectroscopy (ICP-MS) showed that TIM-190 and TIM-190-A had K/In/Ta ratios of 0.66:0.46:1 and 0.14:0.03:1, respectively. We expect that the additional amount of indium in TIM-190 (in comparison to that in TIM-190-A) is in the form of In(OH) 3 . Furthermore, the much higher K/Ta ratio for TIM-190 suggests that extensive potassium/proton exchange took place during the acid treatment. The presence of exchanged protons was confirmed by 1 H NMR (Supporting Information, Figure S3 ). For the metal cations of K 1+ , In 3+ , and Ta 5+ , the balanced formulas of pure-phase TIM-x-A had tantalum-to-oxygen ratios of 2:5.23-5.29 (Supporting Information, Table S1 ). This indicates that the TP nanoparticles have the defect pyrochlore (A 2 B 2 O 6 ) structure rather than an ideal pyrochlore (A 2 B 2 O 7 ) structure. [20] Furthermore, the relative amount of crystallization water was quantified by thermal gravimetric analysismass spectroscopy (TGA-MS; Supporting Information, Figure S4) . [21] Based on all these results, we determined complete formulas for all samples (Supporting Information, Table S1 ). It seems that an increase of hydrothermal temperature results in defect TP materials with more indium (or higher In/Ta) but less potassium (or lower K/Ta 3 , respectively.
The TIM-x and TIM-x-A samples absorbed UV light, with the main absorption edges at around 270 nm (corresponding to band gaps of 4.6-4.8 eV; Supporting Information, Figure S5) , and we studied their activities for UV-driven photoreforming of methanol and overall water splitting. Figure 3 a compares the average H 2 evolution rates from 10 vol % methanol aqueous solution by TIM-x, TIM-x-A, and a benchmark photocatalyst sodium tantalate (NaTaO 3 ).
[14a] All of the samples outperformed NaTaO 3 , while the In(OH) 3 -free TIMx-A was more active than TIM-x. TIM-190 A was the best photocatalyst exhibiting the very high H 2 evolution rate of 5.82 mmol g À1 h À1 . Obviously, the defect TP nanoparticles must be the major active component for H 2 production even though In(OH) 3 also absorbs UV light (Supporting Information, Figure S5 ). We further examined the activities for overall water splitting. Again, we found that all samples (except TIM-170) were more active than the benchmark catalyst while TIM-190 and TIM-190-A were the most active 
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Chemie among the same type of samples (Figure 3 b) . Since the TP nanoparticles in all samples had similar particle size, crystallinity, and band gap, the observed volcano-shaped relationship between H 2 evolution rate and hydrothermal temperature for the two reactions must be associated with the composition variations, which is likely to be the relative amount of OH À groups (that is, the stoichiometry of H in the formulas; Supporting Information, Table S1 ) which also peaks at 190 8C. Remarkably, the H 2 evolution rate (357.7 mmol g À1 h À1 ) of TIM-190-A is more than twenty times higher than that (17.0 mmol g À1 h À1 ) of NaTaO 3 . For comparison, the evolution rates for Degussa P25 TiO 2 , Ta 2 O 5 , and NiO-loaded (3 wt %) SrTiO 3 [2g] measured under identical conditions were 0.1, 1.8, and 24.7 mmol g À1 h À1 , respectively. With the benchmark photocatalysts as references, [2, 3, 4, 14a] the activity of TIM-190 A is comparable to those of highly active metal-doped and cocatalyst-loaded Ta-based pervoskites [22] except the La-doped NiO-loaded NaTaO 3 .
[14a] However, the NiO-loaded photocatalysts suffer from severe deactivation owing to the elution of nickel species
[14a] and they did not show stable activities in pure water. For TIM-190-A, the apparent quantum yield obtained with 232 nm radiation (full width half-maximum of the intensity = 10 nm) for 2 h was 0.55 %.
We then examined the time courses of H 2 and O 2 evolution from water splitting on TIM-190-A and TIM-190, with typical results shown in Figure 4 . Despite of showing high H 2 evolution rate, TIM-190-A produced very little O 2 , and no O 2 was detected within the first six hours. The formation of O 2 is much more challenging because it involves four-electron oxidation of water, [22b] whereas it seems that most holes photogenerated in the TP nanoparticles are consumed to form other species.
[22b] Indeed, a significant amount of H 2 O 2 was detected in the TIM-190-A-containing solution after 8 h irradiation by the redox titration with KMnO 4 . [23] In contrast, TIM-190 showed stable and stoichiometric evolution of H 2 and O 2 , which was evident from the start of the reaction. No noticeable degradation of activity was observed in repeated runs for 24 h. In comparison to the pure-phase TIM-190-A, the excellent photocatalytic performance of TIM-190 for water splitting is associated mainly with the presence of In(OH) 3 nanoparticles that may utilize the photogenerated holes to oxidize water and produce O 2 as efficiently as the reduction of water to produce H 2 .
With these encouraging results for water splitting, we further investigated the photocatalytic performance in gasphase CO 2 reduction with saturated water vapor at 25 8C with NaTaO 3 and Degussa P25 TiO 2 as benchmark photocatalysts. We found that TIM-190 again exhibited the highest CO evolution rate of 14.2 mmol g À1 h À1 (Figure 4 a) , while most samples of TIM-x and TIM-x-A showed very low activities. More importantly, the TIM-190 catalyst produced stoichiometric amounts of CO and O 2 with 2:1 ratio from the start of UV irradiation (Figure 4 b) , indicating that it catalyzed the reduction of CO 2 with water as a reductant according to the following equations:
The fact that no H 2 was detected further suggests that the TIM-190 catalyst selectively reduces CO 2 instead of water. Again, the presence of In(OH) 3 in TIM-190 appeared to be crucial for water oxidation to produce O 2 . To the best of our knowledge, there are very few Ta-based photocatalysts reported for CO 2 reduction with water and none of them could give stoichiometric products of the redox reactions. [24] In contrast, the activity of TIM-190 is three times higher than Degussa P25 (Figure 5 a) and is higher or comparable to most TiO 2 -based materials. [25] For the metal-loaded TiO 2 materials [7a] and defective TiO 2 [26] that were reported to be highly active for the reaction, catalytic stability is often a problem. An example is the reaction catalyzed by Pt-loaded TiO 2 to produce CO and CH 4 , [6a] where a circa 80 % decrease in the CH 4 evolution rate was observed within the first six hours of reaction. Interestingly, TIM-190 exhibited rather stable activity for the first eight hours and decreased only slightly in the following twelve hours (Figure 5 b) . This catalyst was reused after CO 2 purging and still showed stoichiometric gas production and CO evolution rate of 8.4 mmol g À1 h À1 . These photocatalytic studies suggest strongly that In(OH) 3 plays the crucial role in the nanocomposite TIM-190 in water oxidation. It has been shown that the Pt-loaded mesoporous In(OH) 3 is active for CO 2 reduction, but no O 2 evolution was observed. [27] In our study, the observed effective water oxidation is likely associated with enhanced charge separation caused by heterojunction interfaces between In(OH) 3 and the defect TP.
To clarify these issues, we performed density functional theory (DFT) calculations aimed at understanding the band alignment between these two materials. We constructed a two-layer (100) slabs terminated by OH to evaluate the absolute band positions of In(OH) 3 and the defect TP (see Part IV in the Supporting Information for details in calculation). We used the B3PW91 DFT functional, as we find that it accurately reproduce the bandgap of many semiconductors to about 0.1 eV. [28] For the In(OH) 3 slab, this leads to the top of the valance band (VB) at À7.07 V and the bottom level of the conduction band (CB) at À0.97 V (relative to vacuum level; Supporting Information, Figure S7 a) . For the TP slab, the corresponding levels of the VB and CB are À7.61 V and À2.28 V, respectively (Supporting Information, Figure S7 b). We also tested other less accurate functionals, such as B3LYP, PBE and PBE0, and found that the band positions range over the range of about 1.5 V (Supporting Information, Table S2 ). However in all of the cases we find that the VB and CB of In(OH) 3 are always higher than those of TP. Thus based on these DFT results, we conclude that the heterojunction between In(OH) 3 and TP is as shown in Scheme 1, the electrons generated upon UV irradiation in the CB of TP nanoparticles reduce water or CO 2 to produce H 2 or CO, whereas the holes are transferred to the VB of In(OH) 3 for water oxidation to produce O 2 .
In summary, we successfully prepared nanocomposites of tantalum-based pyrochlore nanoparticles and In(OH) 3 for photocatalytic water splitting and CO 2 reduction with water. We find that the defect pyrochlore nanoparticles catalyze the water reduction to produce hydrogen, whereas In(OH) 3 is the major active component for water oxidation. With optimum hydrothermal synthesis conditions, the nanocomposite shows superior and stable catalytic performance while generating stoichiometric products. After the removal of In(OH) 3 from the nanocomposites, the pure-phase pyrochlore nanoparticles remain highly active for hydrogen production from pure water and methanol aqueous solution. We envision that this discovery will lead to further development of highly efficient photocatalysts for solar fuels production and other reactions.
